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Abstract
We put forward the framework of simplified leptoquark models: simple extensions of the Standard Model
that serve as benchmarks to test the interactions of leptons with new colored degrees of freedom considered,
for instance, in leptoquark or grand unification models. As a first application of the scheme, we analyze the
power of precision lepton observables by computing gauge invariant two-loop radiative corrections to the
lepton-photon vertex, generated here by Yukawa interactions between the lepton and new colored degrees of
freedom. The result, detailed in explicit expressions for the involved form factors, improves on the literature
for the higher loop order considered and highlights the existence of regions in the parameter space of the
model where two-loop corrections cannot be neglected.
1 Introduction
After more than one decade of LHC data in substantial agreement with the known properties of physics at
the electroweak scale, the possibility of finding new light states strongly coupled to the Standard Model (SM)
particles seems certainly unlikely. Observations have pushed any possible new physics scale well above the
heaviest SM particle, reaching up to the multi-TeV range that will be fully explored by the next-generation
collider experiments [1–4].
In this context, low energy leptonic observables provide clean and sensitive benchmarks for the most pre-
cise predictions of the SM and, consequently, are of great importance for their potential to highlight possible
discrepancies between theory and experiment.
While precision lepton physics is being probed in an array of experiments with an unprecedented accuracy [5–
8], on the theoretical side it is thus mandatory to determine the relevant higher order corrections. In particular,
the vertex functions for the leptonic transitions `i → `fγ, have been the subject of intense investigation that led
to an analytical determination of the four-loop QED contribution [9], a numerical computation of the five-loop
one [10] and the calculation of analytical expressions for the two-loop electroweak corrections [11].
In some cases, interestingly, the improved estimate of the SM contribution resulted in tensions with the
experiments. The paradigmatic case is that of the longstanding anomaly in the muon response to a static
magnetic field, usually referred to as the anomalous magnetic moment (AMM) (g − 2)µ. Pending the results
of the Fermilab E989 experiments [5], the current world average dominated by the Brookhaven experiment
E821 [12],
aexpµ = (116592091± 54± 33)× 10−11, (1)
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confronts the SM prediction
aSMµ = (116591811± 62)× 10−11, (2)
where hadronic effects dominate the uncertainty. The current discrepancy is therefore
aexpµ − aSMµ = (278± 88)× 10−11, (3)
amounting to a 3.1σ difference1.
Interestingly, a new determination of the fine structure constant has revealed a similar anomaly in the
electron sector, where a 2.4σ tension concerns the corresponding anomalous magnetic moment (g − 2)e [6, 7]:
aexpe − aSMe = (−87± 36)× 10−14. (4)
It is a puzzling aspect, and a challenging issue at the model-building level, that the two anomalies have different
signs. Furthermore, the deviation in the anomalous magnetic moment of the electron is in magnitude larger
than the muon one, after the me/mµ rescaling is taken into account [15,16].
Besides AMM, there are other interactions between leptons and a photon which have the potential to yield
tight bounds on any new physics model contributing to the full lepton-photon vertex. For instance, sources of
CP violations transcending the SM one are highly constrained by the observations of the electric dipole moment
(EDM) of the electron, de, through the limit [17]
de < 1.1× 10−29e · cm. (5)
The same parameters will be challenged by future refinements of the muon EDM dµ [18,19], currently measured
in
dµ < 0.9× 10−19e · cm. (6)
Similarly, sources of lepton flavor violation (LFV) beyond the neutrino mixing generally trigger the transition
µ→ eγ, strongly constrained by the experimental bound [8]
Br(µ→ eγ) < 4.2× 10−13. (7)
Motivated by the need for improved computations of precision leptonic observables, in this paper we go
beyond the results in the literature by assessing the impact of these bounds at a further loop order. To this
purpose we introduce the framework of simplified leptoquark models (SLMs): effective SM extensions meant
as a testing ground for more complex models that contain new colored degrees of freedom coupled to the SM
leptons. In this first analysis we estimate the power of precision leptonic observable to constrain scenarios which
contain a new scalar field and, at most, an extra fermionic degree of freedom, both partaking in strong and
electromagnetic interactions. The complementary case of vector extensions of the SM will instead be addressed
in a forthcoming paper. In the following we therefore detail the two-loop structure of the effective ``γ vertex
up the order O(αsy2), with y being the Yukawa coupling of the new scalar field, giving the explicit expressions
of the form factors that determine the mentioned leptonic observables.
The relevance of our analysis is manifested by the ubiquity of these colored particles, postulated in many
beyond SM theories and motivated, for instance, by the B-physics anomalies or unification scenarios [20–29].
In regard of this, the S1 and R2 classes of leptoquark models can be straightforwardly studied by using the
SLMs. On the theoretical level, instead, our analysis is influenced by the seminal work in Ref. [30], followed
by the investigations in Refs. [31–35], which assess the relative relevance of the one and two-loop contributions.
In fact, on top of the possible presence of logarithmic and mass-ratio enhancements at next-to-leading order
(NLO), the effects of strong interactions easily top other contributions present at the same loop order, thereby
justifying the adopted framework.
The paper is structured as follows: in Sec. 2 we present the form factors and the corresponding projec-
tors, considering both flavor-conserving and flavor-violating lepton-photon interactions. The scalar SLMs are
introduced in Sec. 3, where we detail our computational method and give analytical expressions for the form
factors in three scenarios delineated by different mass hierarchies. The results obtained are presented in Sec. 4,
whereas in Sec. 5 we comment on the complementary bounds due to the Z boson phenomenology. Our work is
summarized in Sec. 6.
1A recent lattice determination of the SM hadronic vacuum polarization contribution [13] has put into discussion the significance
of the reported anomaly. While the consequences of this computation are still being debated [14], we regard the range in Eq. (3)
as an indication of the sensitivity characterizing the observable.
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2 Form factors and projection operators
We begin by detailing the form factors that enter the analyzed effective vertex, shown in Fig. 1, for the cases of
lepton flavor-violating (`i 6= `f ) and lepton flavor-conserving (`i = `f ) transitions.
γ
`f`i
q1
q2
Figure 1: The effective vertex under scrutiny. The label `i,f stand for the initial and final lepton, respectively.
2.1 Flavor conserving transitions
The matrix element for flavour conserving transitions `→ `γ can be parametrized as follows2
〈`|Mµ|`〉 = e · u¯(q1 + q2)
[
F1(t)γµ − i
2m`
F2(t)σµνq
ν
2 +
1
m`
F3(t)q2µ+
+γ5
(
G1(t)γµ − i
2m`
G2(t)σµνq
ν
2 +
1
m`
G3(t)q2µ
)]
u(q1), (8)
where q22 = t and q
2
1 = (q1 + q2)
2 = m2` . In Eq. (8) F2(t) and G2(t) are, respectively, the magnetic and the
electric form factor. Within renormalizable theories these quantities are necessarily finite, being the coefficients
of dimension 5 operators. Observations are matched in the soft photon limit, t→ 0, where we recover the AMM
a` = F2(0) and the EDM d` = iG2(0)/(2m`). As for the remaining terms, F1(t) is the charge form factor,
whereas F3(t) vanishes because of the electromagnetic current conservation.
The expression for the individual form factors can be obtained through the projection operator
Pµ = (/q1 +m`)
{[
f1γµ − f2
2m`
(q1µ + q2µ)− f3
m`
q2µ
]
+
+γ5
[
g1γµ − g2
2m`
(q1µ + q2µ)− g3
m`
q2µ
]}
(/q1 + /q2 +m`) , (9)
by setting the coefficients fi and gi to satisfy the six independent conditions Tr[PµM
µ] = Fi and Tr[PµM
µ] =
Gi. In the first two lines of Tab. 1 we report the values required to isolate the expressions of F2(t) and G2(t)
used in the following analysis.
2.2 Flavor violating transitions
In considering flavor violating amplitudes `i → `fγ we take the final state lepton to have negligible mass, for
the sake of simplicity. The matrix element then acquires the form
〈`f |Mµ|`i〉 = e · u¯f (q1 + q2)
[
F˜1(t)γµ − i
2m`i
F˜2(t)σµνq
ν
2 +
1
m`i
F˜3(t)q2µ+
+γ5
(
G˜1(t)γµ − i
2m`i
G˜2(t)σµνq
ν
2 +
1
m`i
G˜3(t)q2µ
)]
ui(q1) , (10)
whereas the generic form of the projector is:
Pµ = (/q1 +m`i)
{[
f1γµ − f2
2m`i
(q1µ + q2µ)− f3
m`i
q2µ
]
+
+γ5
[
g1γµ − g2
2m`i
(q1µ + q2µ)− g3
m`i
q2µ
]}
(/q1 + /q2) . (11)
2We adopt the same conventions for the Dirac algebra and traces as those used in FORM [36].
3
The form factors relevant for the proposed analyses can be isolated by using the values of the six fi and gi
constants reported in last lines of Tab. 1.
Form
factor
f1 f2 f3 g1 g2 g3
F2(t)
2m2`
(d−2)t(t−4m2`)
− 2m2`(4m2`+(d−2)t)
(d−2)t(t−4m2`)2
0 0 0 0
G2(t) 0 0 0 0
2m2`
t(t−4m2`)
0
F˜2(t)
m2`i
2(d−2)(m2`i−t)2
m2`i
(m2`i
+t(d−2))
2(d−2)(m2`i−t)3
m4`i
(d−1)
4(d−2)(m2`i−t)3
0 0 0
G˜2(t) 0 0 0
m2`i
2(d−2)(m2`i−t)2
−m
2
`i
(m2`i
+t(d−2))
2(d−2)(m2`i−t)3
m4`i
(d−1)
4(d−2)(m2`i−t)3
Table 1: Values of the fi and gi coefficients, i = 1, 2, 3, used to isolate the indicated form factors from Eq. (8)
(or (10)) via Eq. (9) (or (11)) for lepton flavor conserving (or violating; indicated with a tilde) transitions. In
all expressions d stands for the number of spacetime dimensions.
3 Simplified leptoquark models
As a first example of SLMs we consider extensions of the SM that contain one scalar field, taken in the (anti-)
fundamental representation of SU(3)c, and, at most, one new fermionic degree of freedom to account for gauge
invariance3. In the spirit of simplified models, the framework disregards the additional degrees of freedom
implied by weak interactions. In fact, whereas complete models that embed the proposed degree of freedoms
need to address these interactions in full, the proposed scheme is certainly enough to gauge the dominant
contributions of new physics into leptonic precision observables. The Lagrangian at hand then is
LY = L0(Φ, u) + u¯(PLYLi + PRYRi)`i Φ† + ¯`f (PLY †Rf + PRY
†
Lf
)uΦ (+ H.c. interactions if i 6= f) , (12)
where L0(Φ, u) contains the kinetic terms of the new degrees of freedom and `i,f are SM charged leptons. The
U(1)QED charges of the new fields are left free but must obey the charge conservation condition QΦ = −1−Qu.
The interactions in Eq. (12) allow us to model the dominant O(αSY 2) contribution of new physics into the
vertex of Fig. 1, recovering for instance the case of scalar leptoquark scenarios. In fact, when u is identified
with the (Majorana conjugated) top quark, Eq. (12) results from the Lagrangian of the S1 ∼ (3, 1,−1/3) or
R2 ∼ (3, 2, 7/6) scalar leptoquark models, after the SM spontaneous symmetry breaking. A full embedding of
the present model into these framework is then straightforwardly obtained by assigning the degrees of freedom
considered here to the appropriate SU(2) multiplets, as well as by setting the corresponding hypercharges to
the desired values.
Differently, if u is a new fermionic field, we can explore a larger set of models bounded only by the requirement
that u be heavier than the involved SM lepton, as imposed by our methodology. In regard of this, we will focus
on three different scenarios characterized by complementary mass hierarchies
• Scenario I: Mu MΦ  m`
• Scenario II: MΦ ∼Mu  m`
3For the purposes of our computation, the sign change that appears in the guu interaction vertex, depending on whether u
transforms according to the fundamental or anti-fundamental representation of SU(3)c, is always compensated by the sign in the
corresponding vertex involving Φ. Therefore, assigning u or Φ to the fundamental representation of SU(3)c makes no difference at
the level of the considered observables.
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• Scenario III: MΦ Mu  m`
which require different sub-diagram expansions. In the next sections we first clarify the meaning of this last
statement by laying out the employed methodology. Afterwards, we detail the leading order (LO) and NLO
contributions to the form factors F2(0) and G2(0) introduced in Sec. 2.
3.1 Methodology
Loop computations greatly benefit from the presence of sharp scale hierarchies, which encourage the use of
natural series expansions to simplify the integrations involved. However, the result of a series expansion and
loop integration is generally sensitive to the order in which these operations are taken and, consequently, more
elaborate methods must be employed to address this issue. The rules for a correct asymptotic expansion around
a large mass limit have been elaborated in Refs. [37–40] in the form of an expansion in sub-diagrams defined as
FG(q,M,m, )
M→∞−−−−→
∑
σ
FG/σ(q,M,m, ) · Tqσ,mσFσ(qσ,M,mσ, ). (13)
In the formula above, T is the Taylor expansion operator that acts on the Feynman integral Fσ corresponding
to the sub-diagram σ, which depends on the mass mσ and momentum qσ, while FG/σ is the Feynman integral
for the original diagram G after the sub-diagram σ has been collapsed to a simple vertex. The summation is on
all sub-diagrams σ that contain all lines associated with the large mass M and, also, are one-particle irreducible
with respect to the lines associated to the small mass m.
In the case of the present analysis, applying the above procedure to the diagrams in Figs. 2 and 3 reduces the
integration of the involved multi-scale Feynman amplitudes to products of single-scale tadpole diagrams. The
latter are then easily addressed for instance via the MATAD [41] package for the FORM [36] symbolic manipulation
system, up to the three-loop level in d dimensions. The large-mass expansion is performed by means of the EXP
and q2e codes [42,43], prompting the resulting output to MATAD. Other technicalities, as the reduction of scalar
products of loop momenta belonging to different sub-diagrams or external momenta, are addressed by FORM
codes developed in-house that implement the integration by parts identities generated through LiteRed [44].
We use QGRAF [45] to produce the involved diagrams.
γ
`f`i
γ
`f`i
Figure 2: The two contributions into the analyzed lepton-lepton-photon vertex sourced by Eq. (12) at the
one-loop level. The blue fermionic lines are associated to the u field.
Before considering the first of the proposed scenarios, we want to remark on the interplay between gauge
invariance and ultra-violet divergences that renormalization establishes. Within a renormalizable theory, the
available counterterms needed for the regularization of the loop corrections are in 1 to 1 correspondence with
the four-dimensional operators contained in the Lagrangian. The renormalizability of the theory specified in
Eq. (12) then ensures that form factors other than F1(t) are necessarily finite quantities.
This is certainly the case at the one-loop level, where the relevant corrections are finite. On general grounds,
however, we expect that terms proportional to 1/(d − 4) appear at the two-loop level due to the presence of
divergent sub-diagrams. The consistency of the framework requires these terms to cancel upon the inclusion of
the diagrams in Fig. 2, properly dressed with renormalized couplings and propagators. In performing our anal-
yses we have explicitly verified these cancellations for a generic choice of the gauge parameter. The expression
obtained for each individual amplitude can be found in the ancillary file.
3.2 Scenario I : Mu MΦ  m`
We begin our exploration of scalar SLMs with the scenario where the new fermionic degree of freedom u is
much heavier than the scalar Φ. The expressions for the analyzed form factors delivered through the detailed
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Figure 3: Diagrams sourced at the two-loop level by Eq. (12). In total there are 15 different contributions as
the topologies which are not specular result in two different contributions. Blue lines indicate a propagating u
fermion.
computational strategy are
FI = χF m`
mu
{(
Ncκ
1L
I + αSTcκ
2L
I
)
+
m2Φ
m2u
(
Ncρ
1L
I + αSTcρ
2L
I
)}
, (14)
where the specific form factor label FI and corresponding coefficient χF are given in Tab. 2. In the expression
above, Nc = 3 is the number of colors in the fundamental representation and Tc = 4 is half the trace of the unit
matrix in the color adjoint representation. The loop functions are instead specified by
κ1LI = −
1 + 2Qu
32pi2
, (15)
ρ1LI =
1
32pi2
[
− 3− 2Qu + 4(1 +Qu) ln mu
mΦ
]
, (16)
κ2LI = −
30 + pi2 + 63Qu
576pi3
, (17)
ρ2LI =
1
16pi3
[
− 141 + 2pi
2 + 90Qu
72
+ 5(1 +Qu) ln
2 mu
mΦ
− 35 + 4Qu
4
ln
mΦ
µ
+
+
(
−3
2
+ 3(1 +Qu) ln
mΦ
µ
)
ln
mu
mΦ
]
, (18)
which hold in the minimal subtraction scheme.
We observe that the leading one-loop contribution4 vanishes if Qu = −1/2.
Fj : F2(0) G2(0) F˜2(0) G˜2(0)
χF : yLiy
†
Ri
+ y†LiyRi yLiy
†
Ri
− y†LiyRi yLiy
†
Rf
+ y†Lf yRi yLiy
†
Rf
− y†Lf yRi
Table 2: Form factors and corresponding coefficients to be used in Eqs. (14), (19) and (22) for j = I, II, III,
respectively.
3.3 Scenario II: Mu ∼MΦ  m`
In this regime the only mass ratio available is m`/mu = m`/mΦ. Given that observations force m` to be many
orders of magnitude below the remaining masses, we safely retain only first order terms in the expansions of
4Other terms at the same loop order have a relative suppression of (mΦ/mu)
2.
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the form factors:
FII = χF m`
mΦ
(
Ncκ
1L
II + αSTcκ
2L
II
)
, (19)
where FII and χF are presented in Tab. 2. For this scenario we find
κ1LII =
1 + 3Qu
96pi2
, (20)
κ2LII = −
1 + 2Qu
384pi3
[
5 + 3 ln
mΦ
µ
]
. (21)
We notice that the one-loop contribution identically vanishes if Qu = −1/3, barring negligible corrections
proportional to further powers of the m`/mu ratio.
3.4 Scenario III: MΦ Mu  m`
Finally, referring to Tab. 2, for the case MΦ > Mu we have
FIII = χF m`
mΦ
{
mu
mΦ
(
Ncκ
1L
III + αSTcκ
2L
III
)
+
m3u
m3Φ
(
Ncρ
1L
III + αSTcρ
2L
III
)}
, (22)
where the involved loop functions here are:
κ1LIII =
−1 + 2Qu
32pi2
[
1 + 2 ln
mu
mΦ
]
, (23)
ρ1LIII =
1
32pi2
[
−3 + 2Qu + 4(2Qu − 1) ln mu
mΦ
]
, (24)
κ2LIII =
1
16pi3
[
− 87 + 2pi
2 − 162Qu
72
+ 2Qu ln
2 mΦ
mu
+ 3
1− 4Qu
4
ln
mu
µ
+
+
(
3− 16Qu
4
+ 3Qu ln
mu
µ
)
ln
mΦ
mu
]
, (25)
ρ2LIII =
1
8pi3
[
− 138 + pi
2 − 99Qu
72
+ 2Qu ln
2 mΦ
mu
+ 3(1−Qu) ln mu
µ
+
+
(
3
2
(2− 3Qu)− 3(1− 2Qu) ln mu
µ
)
ln
mΦ
mu
]
. (26)
We remark that scalar leptoquarks models fall in this scenario after the u fermion is identified, upon a
Majorana conjugation, with the SM top quark.
4 Precision tests of simplified leptoquark models
The form factors in the previous sections provide a straightforward way to match the lepton precision observables
within any scheme of new physics that recovers, in a limit, the proposed SLMs. In more detail, possible radiative
flavor violating decays can be tested against the known limits by simply computing
Br(`i → `fγ) = αemm`iτ`i
2
(
|F˜2(0)|2 + |G˜2(0)|2
)
, (27)
where αem is the fine structure constant and m`i , τ`i the mass and lifetime of the initial state lepton, respectively.
The observable plays an important role in scenarios where new degrees of freedom couple to different SM
generations and strongly constrains, for instance, any simultaneous explanation of the electron and muon AMM
anomalies. The inclusion of new complex Yukawa couplings in Eq. (12) furthermore provides additional sources
of CP-violations, which inevitably contribute to the EDM d` = iG2(0)/2m`. Together with the AMM a` =
F2(0), the mentioned observables offer a way to fully test the Yukawa sector in Eq. (12) and, more in general,
any scalar leptoquark sector of new physics models.
Pending the release of new data concerning the muon AMM, in this paper we opt to focus on the impact of
(g−2)µ,e to demonstrate the reach of the proposed framework. We pay particular attention to the identification
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of regions in the parameter space where the two-loop contributions are comparable to the LO ones, because of
an enhancement of the former or a suppression of the latter. For the similarity in the loop structures of the
analyzed form factors, we expect similar effects to manifest also in the remaining precision observables.
Because of the tight bound posed by the non-observation of µ → γe transitions, on top of the absence of
an efficient suppression mechanism, we a priori disregard common explanations of the (g − 2)e,µ anomalies.
Similarly, the tight bound on the de forces aligned phases in the Yukawa couplings for the electron in Eq. (12).
The case of the muon is different as the current limit does not significantly constrain the corresponding CP
phase and, in principle, generic Yukawa parameters are thus allowed. In regard of this, the future increment
of 2 order of magnitudes in the sensitivities of the Fermilab and J-PARC experiments [46, 47], or the at-least
3 order improvement proposed with PSI [48], will exhaustively probe the possible correlations between large
values of dµ and the muon AMM anomaly that complex Yukawa couplings source [19].
Before detailing our results, we stress that the performed numerical computations account for the running
of SM couplings, but neglect the renormalization group (RG) evolution of the new physics interactions. The
residual dependence of form factors on the RG scale µ is addressed by setting the latter to the value of the
intermediate mass in the scenario under consideration. We have checked that the implied uncertainty is negligible
for the span of the hierarchy in the masses of the involved colored particles.
4.1 Scenario I: mu  mΦ  m`
In the first panel of Fig. 4 we show the magnitude of the two-loop contribution relative to the one-loop correction,
as a function of the intermediate mass mΦ of the scalar field and the charge Qu of the heavy fermion u. Because
the leading contribution into the one-loop result vanishes for Qu = −1/2, we observe the presence of a region
centered around this critical value where the NLO cannot be neglected. The effect broadens as the ratio mu/mΦ
is relaxed and is therefore of interest for the phenomenology of UV-completed models that contain extra fermions
on top of scalar leptoquarks [49,50].
Figure 4: Left panel: magnitude of the two-loop correction relative to the one-loop leading order, as a funtion
of the scalar mass mφ and the u fermion electric charge Qu. Right panel: 1σ and 2σ confidence regions for the
(g−2) anomaly of electron (green) and muon (blue) evaluated at the NLO as a function of the Yukawa coupling,
Y =
√|YL||YR|, and Qu, assuming mu = 10 TeV and mΦ = 4 TeV. The gray band centered on Qu = −1/2
signals the region where the two-loop contribution cannot be neglected.
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Figure 5: Left panel: 2σ contours for the AMM of electron (green) and muon (blue), as a function of the new
lepton Yukawa coupling Y =
√|YL||YR| and the mass of the involved scalar field mφ. The charge of the heavy
fermion is set at the critical value Qu = −1/2. The lighter regions correspond to the prediction of the LO
contribution only, whereas the darker region account also for the NLO result. Right panel: same as the left
panel for a non-critical charge Qu = 2/3. The solutions for NLO are indistinguishable from those of the LO
alone.
Figure 6: Phase and magnitude of the complex Yukawa coupling of the muon that match, in correspondence of
the shaded regions, the measured (g−2)µ 2σ interval. In both the panels, the dotted lines indicate the expected
order of magnitude of the muon EDM (e·cm). Left panel: Qu = −1/2, the LO solutions (lighter area) are
clearly distinguishable from the full two-loop contribution (darker). Right panel: Qu = 2/3, the NLO solutions
are indistinguishable from the LO ones.
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The mentioned region is plotted again in the right panel of Fig. 4, rendered with a gray vertical band. The
dark (light) green and blue areas, instead, show the 1σ (2σ) confidence intervals for the electron and muon
AMM measurements, respectively. The contours are plotted with respect to the charge of the heavy fermion,
Qu, and the lepton-Φ Yukawa coupling Y =
√|YL||YR|. For the purpose of the plot we assumed a vanishing
relative phase. We remark that the bound due to µ → eγ searches prevents a common explanation of the two
anomalies within the present framework.
The impact of the NLO contribution on the AMM of muon and electron is analyzed once again in Fig. 5. In
the left panel we match the 2σ contours for the electron (green) and muon (blue) measurements after setting
the u charge to the critical value Qu = −1/2. The lighter areas, which account for the contribution of the
LO only, differ significantly from the full NLO solutions indicated by the darker regions. In the right panel we
repeat the exercise for a value of the charge Qu away from the critical one, finding that the LO solutions are
essentially indistinguishable from the NLO ones.
As mentioned before, the current bound on the muon EDM, Eq. (6), leaves space for new complex Yukawa
couplings that would induce a correlation between the muon EDM and AMM. In fact, the definitions of the
involved form factors show that for complex couplings
aµ ∼ ReYLY †R ∼ |YL||YR| cos(θL − θR); dµ ∼ ImYLY †R ∼ |YL||YR| sin(θL − θR). (28)
By opportunely redefining the involved phases we then obtain
aµ ∼ Y 2 cos(θcp); dµ ∼ Y 2 sin(θcp), (29)
where again Y =
√|YL||YR|. In Fig. 6 we plot these quantities as a function of the magnitude and relative phase
of the involved Yukawa couplings, for a critical (left panel) and non-critical (right panel) Qu charge. In the
former case it is clearly possible to distinguish the effect of the two-loop contribution, which could be therefore
probed in the forthcoming experiments that target the muon EDM [46–48].
4.2 Scenario II: mΦ ∼ mu  m`
When the masses of the new colored states are close in value, the phenomenology of SLMs depends on the
unique new physics scale mΦ = mu. Collider experiments force a strong suppression of the ratio m`/mΦ, in a
way that the LO always dominates the mass expansion of the considered amplitudes and the structure of the
form factors simplifies as shown in Sec. 3.3.
Figure 7: Left panel: magnitude of the two-loop correction relative to the one-loop leading order on the
considered parameter space. Right panel: 1σ and 2σ confidence regions for the (g − 2) anomaly of electron
(green) and muon (blue) evaluated at the NLO as a function of the Yukawa coupling, Y , and electric charge
of the u fermion, Qu, assuming mu = mΦ = 4 TeV. The gray band centered on Qu = −1/3 shows the region
where the two-loop contribution cannot be neglected.
In this case, we find that the two-loop contribution is negligible except in a narrow area of the parameter
space centered on Qu = −1/3, where the one-loop contribution identically vanishes. This is illustrated in the
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left panel of Fig. 7, where again we plot the magnitude of the two-loop contribution relative to the LO one on
the considered parameter space.
As we can see from the right panel of Fig. 7 and Figs. 8, 9, the results obtained for the Scenario I hold also in
the present case, albeit a different critical value of the charge Qu. We however remark that, at the critical value
Qu = −1/3, the precision observables probe here the two-loop contribution alone, rather than a combination of
one-loop and two-loop corrections as in the previous scenario.
Figure 8: Left panel: 2σ contours for the AMM of electron (green) and muon (blue), as a function of the lepton
Yukawa coupling Y =
√|YL||YR| and the new physics scale. The charge of the heavy fermion is set at the
critical value Qu = −1/3, forcing the one-loop contribution to identically vanish. Right panel: same as the left
panel for a charge Qu = 2/3 away form the critical value. The solutions for NLO are indistinguishable from
those of the LO alone.
Figure 9: Phase and magnitude of the complex Yukawa coupling of the muon that match, in correspondence of
the shaded regions, the measured (g−2)µ 2σ interval. In both the panels, the dotted lines indicate the expected
order of magnitude of the muon EDM (e·cm). Left panel: Qu = −1/3, the solutions are determined by the
two-loop contribution alone for a new physics scale of 3 TeV. Right panel: Qu = 2/3 and the new physics scale
is set to 10 TeV. The NLO solutions are indistinguishable from the LO ones.
4.3 Scenario III: mΦ  mu  m`
For the scenario mΦ  mu  m`, the relative magnitude of the two-loop correction is an involved function
of the available mass ratios and of the fermion charge Qu. This is shown in the left panel of Fig. 10, where
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we observe that the NLO is generally indistinguishable from the LO result for mu . 4 TeV, barring a narrow
region around the critical value Qu ' −0.15. For larger values of the fermion mass, instead, the correction is
sizeable and affects the muon and electron AMM for a wider range of u charges. The effect is analysed in the
right panel of Fig. 10, where we highlight the charge range yielding sizeable NLO corrections, as well as in the
left panel of Fig. 11 where the NLO solutions are clearly distinguishable. The result is confirmed by the analysis
of the correlation between muon AMM and EDM, shown in the left panel of Fig. 12. Here we see that a fermion
and a scalar states in the few TeV range still yield important NLO contributions of phenomenological interest.
Figure 10: Left panel: magnitude of the two-loop correction relative to the one-loop leading order on the
considered parameter space. Right panel: 1σ and 2σ confidence regions for the (g − 2) anomaly of electron
(green) and muon (blue) evaluated at the NLO as a function of the Yukawa coupling, Y =
√|YL||YR|, and
electric charge of the u fermion, Qu, assuming mu = 4 TeV and mφ = 10 TeV. The gray band indicates the
presence of sizeable NLO contributions.
Figure 11: Left panel: 2σ contours for the AMM of electron (green) and muon (blue), as a function of the
lepton Yukawa coupling Y =
√|YL||YR| and the fermion mass mu for a critical value of the fermion charge
Qu = −1/3. The NLO solutions are clearly distinguishable from the LO result. Right panel: same as the left
panel after identifying the fermion u with the SM top quark. The solutions for NLO are now indistinguishable
from those of the LO alone.
Differently, once the u fermion is identified with the SM top quark (or with its Majorana conjugate), the
two-loop contribution becomes clearly subdominant. The case is shown in right panels of Figs. 11 and 12, where
the NLO solutions inevitably overlap with the LO result on all of the considered parameter space. Two-loop
corrections can then be safely neglected, for instance, within the R2 leptoquark model (u ≡ t, Qu = 2/3) as the
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positive u charge prevents any NLO enhancement. As for the S1 model, where Qu = −2/3 (u ≡ tc, Qu = −2/3),
we find instead that entering the NLO enhancement region requires values of the scalar field mass forbidden by
collider searches.
Figure 12: Phase and magnitude of the complex Yukawa coupling of the muon that match, in correspondence of
the shaded regions, the measured (g−2)µ 2σ interval. In both the panels, the dotted lines indicate the expected
order of magnitude of the muon EDM (e·cm). Left panel: a generic scenario with new physics at the TeV scale
and for a critical value of Qu = −1/3. The effect of NLO is clearly sizeable. Right panel: the same as in the
left panel after identifying the fermion u with the SM top quark. The two-loop contribution is negligible.
5 Impact of precision Z measurements
On general grounds, accounting for the precision measurements of the Z boson branching ratios requires the
specification of an ultra-violet completion for the present framework. In fact, the considered new physics
contributions to the muon and electron AMM exploit the simultaneous presence of both chiral couplings in the
Yukawa structure presented in Tab. 2. While this is automatically the case if the u fermion is identified with
a SM quark, in more general scenarios it is therefore necessary to opportunely extend the Yukawa sector. A
minimal setup is provided by the following Lagrangian:
L = LSM + f¯(i /D −mf )f + χ¯(i /D −mχ)χ+ (DµΦ)†(DµΦ)−m2ΦΦ†Φ+ (30)
+ λRf¯
c
RlRΦ
† + λLχ¯cLiτ2LLΦ
† − k1χ¯Liτ2H†fR − k2χ¯Riτ2H†fL + H.c..
In the above equation H, LL and lR are the SM Higgs doublet, lepton doublet and right handed lepton,
respectively. The scalar field Φ and the Dirac fermions χ and f transform under the SM gauge group as
detailed in Tab. 3. Because the conservation of hypercharge requires
yΦ = yf − 1, yχ = yf − 1
2
,
we identify the u fermion of SLMs with the Majorana conjugated up component χu of χ. In fact, taking Φ
as the corresponding scalar of SLMs, we correctly recover the relation among the QED charges QΦ − Qχu =
QΦ +Qu = −1 implied by Eq. (12).
After the spontaneous symmetry breaking of weak interactions, the up component of χ and the fermion f
are mixed by new mass contributions quantified in
−L ⊃ (f¯ , χ¯u)L
 mf m2
m1 mQ

 f
χu

R
, (31)
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Field: SU(3)c SU(2)L qY
Φ 3 1 yΦ
f 3 1 yf
χ 3 2 yQ
Table 3: Representation and charges of the considered degrees of freedom.
where χ = (χu, χd) and m1,2 = k1,2 v/
√
2, v = 246 GeV being the Higgs boson vacuum expectation value.
The mass matrix is diagonalized through a biunitary transformation involving the mixing matrices UR and UL,
defined implicitly by f
χu

R
=
 cos(θR) sin(θR)
− sin(θR) cos(θR)

 ψ1
ψ2

R
,
 f
χu

L
=
 cos(θL) sin(θL)
− sin(θL) cos(θL)

 ψ1
ψ2

L
. (32)
In term of the mass eigenstates ψ1,2, the Lagrangian consequently admits the following terms
L ⊃ ψ¯1 [λR cos(θL)PR − λL sin(θR)PL] lΦ† + ψ¯2 [λR sin(θL)PR + λL cos(θR)PL] lΦ† (33)
where PL,R = (1±γ5)/2 are the usual chirality projectors. We remark that the spontaneous symmetry breaking
is pivotal in recovering the structure of the SLM Lagrangian in Eq. (12).
With the above expression at hand, we checked the experimental constraints imposed by the lepton univer-
sality of Z boson decays, finding that the bound mainly affects the axial current. However, in all the scenarios
analyzed, we find it possible to avoid the constraint without impairing the AMM solution in a large part of the
parameter space, which favours values of the mixing angles θL ' θR.
6 Conclusions
The planned and ongoing lepton experiments require an improvement in the precision of the corresponding
theoretical predictions, needed to disentangle the possible effects of new physics. To this purpose, in the present
paper we have investigated the structure of the lepton-photon vertex within extensions of the standard model
that involve colored degrees of freedom coupled to leptons.
In order to detail the dominant corrections in a manner as general as possible, we have introduced the
simplified leptoquark models: straightforward extensions of the standard model where the leptons interact with
new colored and electrically charged degrees of freedom. The framework is therefore meant to reproduce the
main phenomenological features of complete theories that propose such interactions, for instance leptoquark or
grand unification models.
In this first exploration of simplified leptoquark models we have considered the effects of an additional colored
scalar particle, coupled to a standard model charged lepton and either a quark or a new colored fermionic field.
With this simplified setup, which neglects subdominant weak interactions, we have computed the dominant
two-loop corrections due to the new Yukawa and color interactions for three scenarios characterized by different
mass hierarchies. The obtained expressions of the involved two-loop amplitudes constitute a first technical result
of the analysis that improves on the literature for the precision achieved.
With these expressions at hand, we studied the three scenarios in isolation focusing in particular on the
anomalous magnetic moment of the electron and muon, pending new experimental results regarding the latter.
If the colored fermion involved in the interactions is not a quark of the Standard Models, we find regions of the
parameter space where the two-loop contribution cannot be neglected. In fact, on these regions the one-loop
corrections progressively vanishes as the electric charge of the colored fermion approaches a critical value, specific
of the chosen mass hierarchy. On the contrary, we find that once the fermion is identified with a Standard Model
quark, the two-loop contributions can safely be neglected. We argue that similar enhancements appear also in
other leptonic precision observables because of the similar loop structures of the involved form factors.
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